Suspended solids removal performance of a manufactured stormwater treatment device varies greatly with operating conditions and laboratory or field evaluation techniques. Laboratory testing and field monitoring protocols have been established to evaluate the performance (removal efficiency or effluent concentration) of manufactured stormwater treatment devices and other structural BMPs. However, deviations from the recommended evaluation conditions and techniques are expected and may lead to a significant difference in the measured performances. Range of the parameters/variables specified within the protocol itself may also have a significant effect on the measured performances. Potential effects of six variables are discussed in this paper: TSS vs. SSC methods, operating flow rate, size of the treatment unit, size and density of solid particles in the influent, solids concentration/loading in the influent, and initial volume of solids at bottom of the treatment unit. It is recommended that appropriate adjustment and scaling factors be developed to support certification of performance claims and to appropriately design the stormwater treatment system.
Introduction
It is expected that solids removal performance of a manufactured stormwater treatment device vary widely with operating conditions and evaluation (lab or field) techniques. Laboratory testing and field monitoring protocols have been established and are continuing to be refined to evaluate suspended solids removal performance such as removal efficiency and effluent quality.
The New Jersey Department of Environmental Protection (NJDEP) has established a laboratory testing protocol for evaluating manufactured treatment devices (NJDEP 2003) . A particle size distribution, representing U.S.D.A. definition of a sandy loam material, was specified. The mean particle diameter was approximately 67 microns, larger than 50 microns, the classification boundary between silt and sand. The maximum particle size was 1,000 microns (coarse sand) and the minimum particle size was 1 micron (clay). Density of the particles was recommended to be equal to or less than 2,650 kg/m 3 . Test conditions of the laboratory protocol include: (a) At a minimum, complete 15 test runs, 3 tests each at a constant flow rate of 25, 50, 75, 100, and 125 percent of the treatment flow rate (the water quality design flow rate), and these tests should be operated with initial (bottom) sediment loading of 50% of the unit's capture capacity; (b) The 3 tests for each treatment flow rate will be conducted for influent concentrations of 100, 200 and 300 mg/L; (c) For an online system (with internal high flow bypass rather than an offline system with external high flow bypass), complete two tests at the maximum hydraulic operating rate (the flood control design flow rate), utilizing clean water, with initial (bottom) sediment loading at 50% and 100% of the unit's capture capacity, to check the potential for TSS re-suspension and washout. Temperature of the water should be between 73 to 79 degrees Fahrenheit or colder.
To compute the theoretical annual suspended solids removal efficiency, calculate individual removal efficiency for the 15 test runs, average the 3 test runs for each of the 5 operating rates, multiply the average percent removal by a specified weight factor for that particular operating rate, and sum up the 5 weighted removal efficiencies. The weight factors (0.25, 0.30, 0.20, 0.15, and 0.10 , respectively for the 5 operating rates) were based upon the average annual distribution of runoff volumes in New Jersey and the assumed similarity with the distribution of runoff peaks.
For the field monitoring, NJDEP has recommended the Technology Acceptance Reciprocity Partnership (TARP)'s protocol for stormwater best management practice demonstrations (TARP 2003) . However, conditions of the field-monitoring site were not specified and are difficult to control. Different sites could have very different particle size ranges and densities, influent concentrations, and flow rates that would have significant effects on the measured performances.
Laboratory testing procedures, parameters, and results have been submitted by treatment device manufacturers/vendors to the New Jersey Corporation for Advanced Technology (NJCAT) for performance verification and subsequently to NJDEP for interim certification. However, some of the submitted laboratory testing parameters deviated from the recommended test protocol. Even greater deviations are expected from the fieldmonitoring program that is required for the final certification. The outdoor environment (subject to natural phenomena and random human activities) is more difficult to control than the indoor/sheltered laboratory. The deviations of testing and monitoring conditions from those specified in the protocols could lead to significant difference in the measured performances. Range of the testing and monitoring parameters specified within the protocols themselves may also be so large that significant effects on the measured performances could result. Therefore, it is necessary to examine the testing and monitoring parameters and their potential impacts on the measured performances.
Major Testing and Monitoring Variables
The major variables in both laboratory testing and field monitoring and related questions include: There are other variables not included above, such as difference between the influent/effluent sampling method (the indirect method) and the mass balance method (the direct method), and difference among the influent/effluent sampling techniques.
Observations and Discussion
Adjustment factors for the removal efficiency (measured under conditions deviated from the established protocol) could be quantified using engineering/fluid dynamics principles and computer modeling and these factors should be validated by the laboratory and/or field data.
Given below are some of the laboratory data and the engineering/fluid dynamics principles that could be used to develop the adjustment factors for the deviations:
Correlation between TSS and SSC could be established through a controlled laboratory study. Gray et al. (2000) detected a significant difference between TSS and SSC. However, no good correlation was found when all the concentrations (3,235 pairs) were included in the regression analysis. The concentrations were measured from the natural surface water samples (the stream water samples) taken at many different locations under many different flow conditions. A recent study by Stormwater Management Inc. (SMI 2004) found, from the five data pairs (three pairs using manufactured materials and two using natural stormwater residues), that the difference between TSS and SSC correlates well with the particle size. The difference is larger when the particle size is larger, as expected from the TSS method's sub-sampling bias toward the fine particles. The established correlation, after validation with additional data pairs, could be used to adjust measured SSC to TSS, if necessary. 
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Anchorage, Alaska, May 15-19, 2005 The Vortechs ® Model 2000 was tested with an average influent (SSC) concentration of 187 mg/L and zero initial sediment loading for three different particle size ranges: 38-75 microns, 150-250 microns, and 38-500 microns (d 50 = 80 microns) (NJCAT 2004a). The treatment flow rate was specified to be 500 gpm (40 gpm/ft 2 for 4 ft-grit chamber diameter). The annual (composite) solids removal efficiency was calculated to be 64 percent, 96 percent, and 83 percent, respectively for the 3 different particle size ranges.
The Stormceptor ® System Model STC 900 was tested with an average influent (SSC) concentration of 295 mg/L, an average d 50 of particle size of 97 microns, and with sediment pre-loaded in the lower chamber to 50% sediment capacity for the STC 900 (NJCAT 2004b). The treatment flow rate was specified to be 285 gpm. The annual solids removal efficiency was calculated to be 75 percent.
The BaySaver
® Separator Model 1K was tested with an average influent (SSC) concentration of 205 mg/L, an average d 50 particle size of 85 microns, and with sediment pre-loaded in the lower chamber to 50% sediment capacity for the 1K unit (NJCAT 2004c) . The treatment flow rate was specified to be 494 gpm (1.1 cfs). The annual solids removal efficiency was calculated to be 51 percent.
With the above-described variation among the laboratory testing conditions, it is difficult for NJDEP to directly certify, in confidence and fairness, the lab-generated removal efficiency for general permit and design uses. Some adjustments appear to be necessary, such as adjustments to the specified treatment flow rate and the measured removal efficiency. Alternatively, the manufacturers/vendors could be asked to repeat their
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Anchorage, Alaska, May 15-19, 2005 laboratory experiments so that the limited deviations from the protocol are achieved, says within 5 % of the specified test parameter values that is not easy to accomplish.
Removal efficiency under a desired flow rate but deviated from the measured ones could be obtained through curve fitting or piecewise linear interpolation of the measured efficiencies. Relationships between removal efficiencies and flow rates for the three different manufactured devices are shown in Figures 1, 2 , and 3. For the tested unit size (model size), the design/specified operating flow rate could be made smaller to achieve the higher solids removal efficiency.
For the effect of particle characteristics (size, density, and distribution), it could be assumed that solids removal efficiency is linearly related to the particle setting velocity. That is, the measured removal efficiency could be adjusted based on deviation from the specified particle setting velocity (computed from the specified particle diameter, density, and water temperature in the protocol).
For fine particles, the following Stokes' law can be used to calculate the settling velocity (see, e.g., Yang 1996):
where V s = particle settling velocity, ρ s = density of the solid particle, ρ = density of the liquid, g = gravitational acceleration, ν = kinematic viscosity of the liquid, and d = diameter of the particle. The above equation (1) applies to the fine particles, and other equations are available for the coarse particles (see, e.g., Yang 1996).
The above equation (1) indicates that the settling velocity for fine particles is proportional to the particle diameter squared, if the particle density and liquid property remain the same. For coarse particles, settling velocity is proportional to particle diameter to the power of less than two, approaching the power of one half (0.5) as the diameter increases.
The laboratory measurement results of removal efficiencies at three different particle size ranges of the same density (Figure 1 ) clearly indicate that the removal efficiency increases significantly with the mean particle size. However, it increases with the mean particle size to the power of less than two, as expected from the tested particle size ranges.
The particles in the influent should be carefully characterized during the laboratory testing and field monitoring. The methodology used to characterize the particles must be examined for comparability, especially for the field samples. In addition to total or inorganic (mineral) part of the particles, organic content of the particles could additionally be quantified for the field samples (see a potential methodology in Guo 1997).
Anchorage, Alaska, May 15-19, 2005 A larger or smaller unit size of the same removal efficiency as the evaluated unit size could be obtained from scaling-up or scaling-down based on the surface area, the volume, or the Froude law. Use of the different scaling factors could lead to significantly different results. Normalization of the fluid and particle flow equations and consideration of the dominant driving forces would yield the applicable scaling laws.
The commonly used scaling factor for design of solids settling basins (clarifiers, sedimentation tanks, etc.) is the surface area, that is, the flow rate is scaled by length to the power of 2.0 (if the particle settling velocity remains the same). This scaling factor of 2.0 was determined based on gravitational settling of discrete particles along the straight path in the rectangular sedimentation basin (see, e.g., Peavy et al. 1985) . Sullivan et al. (1972) used the Froude law to design the physical model in their laboratory study of the swirl separator, that is, the flow rate was scaled by length to the power of 2.5 and the particle settling velocity was scaled by length to the power of 0.5. A recent study of similarity for the vortex hydrodynamic separator (Alkhaddar et al. 2001) indicated that scaling by length to the power of 2.85 was more appropriate when distribution of the tracer residence time was considered, and scaling by length to the power of 3.0 was more appropriate when the mean tracer residence time was considered. Therefore, the unit size could be scaled by length (unit diameter) to the power of 2.0 to 3.0, depending on degree of the vortex generation or degree of three-dimensional flow development and whether the solids would behave more like a passive tracer in the dynamic vortex flow system.
Refinements to the above-suggested removal-efficiency adjustments for the particle characteristics and the unit size could be done with additional studies of fluid dynamics and sediment (particle) transport.
For a rectangular sedimentation basin, equalizing the particle settling time from the surface to the bottom in the vertical direction (particle-gravity driven) to the particle traveling time from the inlet to the outlet in the horizontal direction (fluid-flow driven) yields the following basin sizing criterion (see, e.g., Peavy 1985):
which yields,
where H = depth of the basin, V s = particle settling velocity, L = length of the basin, Q = rate of liquid flow through the basin, and W = width of the basin. Right hand side of the above equation (3) is the total flow rate divided by the total surface area of the basin and is commonly called the " overflow rate." The above equation (3) means that if a particle has settling velocity larger than or equal to the liquid overflow rate, it will settle down to the basin bottom and be removed from the water flow. Therefore, to achieve the 50% removal efficiency, 50% of the particles would have to have the settling velocity larger than or equal to the liquid overflow rate. The above theoretical arguments form the fundamental basis for suggesting the use of settling velocity for efficiency-adjustment and the use of surface area (length to the power of 2.0) for unit size scaling in the case of sedimentation basin.
However, in the vortex/swirl hydrodynamic separator, solids settling/separation is enhanced by the flow pattern (Field and O'Connor 1996) . Relationship among the flow rate, the unit size, and the particle characteristics is not as simple as that for the sedimentation basin. The particle in the vortex separator follows the swirling trajectory inside treatment chamber and has a path much longer than that in a sedimentation basin. This is probably why the particle removal efficiency in the hydrodynamic vortex separator is much higher than that of the sedimentation basin for the same treatment volume. On the other hand, the energy expenditure (the energy head loss) is higher.
A possible procedure to derive the sizing equation for hydrodynamic vortex separator is:
(1) Estimate tangential velocity of the swirl based on the inlet velocity, (2) Estimate angular frequency of the swirl based on the tangential velocity and radius of the unit, (3) Estimate water residence time based on the angular frequency, (4) Set the particle settling time equal to the water residence time; this would yield the particle settling velocity (thus characteristics of the particle) that is required for removal of the particle. Methodology for studies of the cyclone separator (e.g., Hoffmann et al. 1995; Castilho and Medronho 2000) could also be examined for adapting to the vortex separator.
It has been measured in the field that the solids removal efficiency increases with the influent concentration/loading for the particle settling-based treatment devices (e.g., Guo et al. 2000) . It has also been observed that flow rate and duration controls both the yield (load) and size of transported solids in urban highway stormwater (Sansalone and Buchberger 1997) . Therefore, influent concentration/loading may be well correlated with the particle diameter and density in the field. An adjustment factor similar to that for particle size and density could be developed.
However, in the laboratory, the influent concentration range is controlled separately from the particle size and density, and effect of the limited range of low influent concentrations (100 mg/L to 300mg/L) on the removal efficiency is not expected to be significant.
Effect of the initial solids volume at the unit bottom could also potentially be significant. The treatment volume of the unit would be reduced, thus reducing the solids removal efficiency. More importantly, sediments placed at the bottom before the lab test could be re-suspended during the test, or material trapped during the prior small storms in the field could be re-suspended during the subsequent large storms. Therefore, initial volume of bottom sediments in the lab should be recorded and sediment re-suspension during both the initial startup (transient) phase and the subsequent equilibrium (steady) phase should be observed. Volume of the material trapped in the treatment device should be observed and recorded during the field-monitoring period.
Complementary to application of the basic engineering/fluid dynamics principles, the CFD -Computational Fluid Dynamics tool could be used to develop the adjustment factors or to directly predict the solids removal performance. CFD is concerned with obtaining numerical solution to fluid flow problems by using computers. CFD approaches are particularly useful for identifying relative effects that result from changes in either operating conditions or geometry of a system. Faram and Harwood (2002) applied a CFD model to quantify particle removal efficiencies of four different treatment devices (simple catch basin, gravity sedimentation device, simple vortex separator, and advanced vortex separator) for different particle sizes and different operating flow rates. It was demonstrated that the advanced vortex separator retains the initial solids volume (the originally trapped material) at the bottom rather than re-suspends/washes it out, and has a higher solids removal efficiency than the other three devices.
Conclusions and Recommendations
Adjustment of the measured solids removal performances to the same operating conditions and evaluation techniques is necessary to appropriately compare effectiveness of the various manufactured stormwater treatment devices and other structural BMPs.
The measured solids removal performances could also be adjusted to different operating conditions and different model sizes for the design purpose. The adjustment factors can be developed using the basic engineering/fluid dynamics principles and the advanced computational fluid dynamics (CFD) tool. While the laboratory testing and field monitoring protocols are been established, refined and implemented, relevant knowledge should be concurrently assembled and/or created in preparation for conducting scientifically defensible adjustments and scaling of the measured performances.
